We analyse how union structures that differ in the degree of wage-setting centralisation affect the pattern of R&D network formation. Within the context of a three-firm industry, a central union that sets a uniform wage is shown to induce a partial R&D network that includes two firms but excludes the third. In contrast, we find that, under less centralised union structures, firms have incentives to form R&D networks with a larger number of alliances. This result is consistent with the stylised facts for industrialised countries: recent decades have seen an upsurge in R&D alliances along with labour market deregulation towards more flexible wage-setting institutions.
Introduction
An important dimension of wage-setting negotiations is the level where collective contracts are formally set. Between the 1970s and the 1990s it appears that no country moved towards a more centralised system, and most countries progressively adopted wage-setting institutions characterised by a lower degree of centralisation (OECD, 2004) . For instance, in the US, Canada and Japan wage negotiations are decentralised at the firm-level. More recently, the UK and New
Zealand joined this group of countries. Furthermore, countries such as Germany that traditionally negotiated over wages at a relatively high degree of centralisation adopted "intermediate" systems, which permit wage adjustments at the firm level while negotiations remain under the auspices of an industry union (Haucap and Wey, 2004 ).
Since the mid-1970s we have also witnessed an upsurge in the extent of R&D collaborations between firms. This has led to the so-called "age of alliance capitalism" (Narula and Duysters, 2004) , where hi-tech firms collaborate in a variety of ways to share know-how and enhance technological capabilities. Moreover, empirical evidence suggests that the importance of nonequity types of collaboration, such as R&D networks, has increased strongly relative to more traditional, equity-based alliances, such as research joint ventures. For example, in the cases of pharmaceuticals and biotechnology, Roijakkers and Hagedoorn (2006) show that non-equity forms of collaborative activity grew steadily in relative importance during the 1980s and 1990s, accounting recently for more than 90% of the total number of R&D collaborations.
Motivated by the aforementioned stylised facts -labour market deregulation and the spread of R&D networks between firms -the following question arises: Might recent trends towards introducing more flexibility into wage-setting have increased the profitability of R&D collaborations between firms, and hence contributed to the spread of R&D networks? In this paper we use a model of endogenous network formation to address this question.
Our central results emerge from comparing firms' network formation decisions under three distinct wage-setting regimes -"centralisation", "coordination" and "decentralisation". 1 Under centralisation, a single industry-wide union sets a uniform wage for all workers; whereas, under coordination, it sets discriminatory wages between firms. In contrast, under decentralisation, there are independent firm-level unions. Thus, centralisation and decentralisation can be seen as polar cases, whereas coordination can be seen as intermediate. In the context of a threefirm model with endogenous R&D investments, we show that the transition from centralised to decentralised wage-setting causes the number of R&D links between firms to rise. This is our central result, and it is consistent with the stylised facts documented above.
The paper closest in spirit to ours is Mauleon et al. (2008) , who study R&D network formation in a decentralised regime of firm-level unions. In that context, the authors demonstrate the emergence of the complete R&D network, where each firm maintains links with both its rivals.
Imagine that two firms are linked and the third is isolated -that is, the R&D network has an insider/outsider or partial pattern. In that case, the linked firms will pay higher wages than the isolated firm. This is because unions set wages after firms have made their R&D collaboration and investment decisions. 2 Linked firms thus face a hold-up problem, whereby higher levels of R&D investment/collaboration induce higher wages. However, this wage premium means that the linked firms suffer in product-market competition. By bringing the outsider into the R&D network, which increases the outsider's access to R&D and thus its wage, the two insiders are able to reduce this "business stealing" effect. Therefore, the complete network emerges endogenously under decentralisation.
Our results for centralised wage-setting, which represents the other extreme to decentralisation, are new. With a uniform wage, the isolated firm that faces two linked rivals is unable to benefit from a lower wage. Thus, the business stealing effect is absent, and the linked firms have no incentive to expand their partial R&D network in order to raise their rival's costs.
Therefore, under centralisation, only one R&D link is established within the industry, and an insider/outsider formation results.
Consider next the intermediate case of coordinated wage-setting, where an industry-wide union sets firm-specific wages. In that case, we show that the complete R&D network arises in equilibrium, but only if within-network R&D spillovers are sufficiently small. The basic intuition for the emergence of the complete network is similar to the decentralised case: when wages can differ across firms, linked firms pay a wage 'penalty' due to their higher cost efficiency. However, the industry-wide union internalises the business stealing effect created by the wage cut at the isolated firm -in a way that does not occur when three independent unions compete under decentralisation. Therefore, under coordination, the complete network emerges endogenously, but it is less attractive than under decentralisation. Zirulia, 2012) offer models of horizontal R&D networks. This line of research has generally ignored the role of input markets on network formation, though a notable exception is Mauleon et al., as explained above. 3 Importantly, however, our results on the effects of labour market deregulation contrast sharply with those arising in Mauleon et al. (2008) , where the focus is on the distribution of bargaining power rather than, as here, changes in labour market structure.
Under the assumption that wage bargaining is decentralised to firm-level unions, Mauleon et al. show that more inter-firm R&D collaboration links tend to emerge when bargaining power rests with the unions rather than with the firms. However, the finding that the intensity of R&D collaborations should be positively correlated with union bargaining power is empirically troubling because the stylised facts surveyed earlier suggest the opposite -across industrialised countries, inter-firm R&D collaborations have become hugely more prevalent as labour markets have been deregulated and unions weakened. 4 Second, our paper contributes to the literature on unionisation and innovation. In contrast to our model, most existing studies of trade unions and R&D concentrate on how the presence of unions affects the R&D incentives of individual (isolated) firms. 5 A generic finding is that decentralised unions discourage R&D due to the hold-up problem. However, offsetting that, we show that decentralised unions promote the formation of R&D links and the complete R&D network -thus increasing the extent to which R&D results are effectively applied to production.
Analysing this additional avenue -network formation -through which unions can affect R&D performance is a contribution of this paper.
In the same line of research, the analysis by Mukherjee and Pennings (2011) is closest to our own. The authors develop a model to study the impact of unionisation structure on firms' incentives for technology licensing and innovation. Interestingly, the main mechanism that determines licensing decisions in their paper also determines firms' incentives to form network links in our paper. In particular, the intensity of the hold-up problem faced by linked firms is reduced by competing trade unions under decentralisation, while it is reduced by the uniformity rule under centralisation (Mukherjee and Pennings, 2011). 6 As it turns out, competition between decentralised unions -in line with Mukherjee and Pennings (2011) -implies a more effective mechanism in mitigating the hold-up problem, and thus, it encourages the creation of more links between firms.
Finally, our analysis is related to the literature that analyses R&D collaborations within research joint ventures (RJVs). 7 Building on the influential paper by d' Aspremont and Jacquemin (1988), Manasakis and Petrakis (2009) show that the incentives to form RJVs under decentralised vis-à-vis centralised unions are sensitive to the extent of public spillovers. There are, however, two important differences between this line of work and our paper. First, it is typically assumed that all firms within the industry participate in the RJV -so questions about the extent of the network cannot be addressed. Second, it is assumed that R&D investments are determined co-operatively. 8 In contrast, an R&D network is a non-equity form of collaboration, In stage three, wage rates are determined (they may be firm-specific or common). Finally, in stage four, the firms compete à la Cournot on the product market, subject to the linear inverse demand function  =  − P 3 1   . 9 This sequencing can be justified by considering the relative degrees of commitment in each decision -for example, wages are easier to change than R&D investments.
Marginal costs, and R&D investments and outputs. Marginal costs are constant, and they can be reduced by both process R&D investment and the formation of collaboration links to pool R&D outputs with other firms. We assume that the production of one unit of the final good requires one unit of labour (paid wage   ), and that R&D works to reduce the non-labour part of marginal cost (initially equal to ). 10 Firm 's R&D output is   , and the associated R&D investment cost is  2  .
Our assumption that firms choose their R&D investments independently captures a lack of trust between network partners. It reflects the fact that it is not possible to write complete contracts on R&D behaviour. This is a natural assumption because R&D investments are often hard to observe (e.g. when a multi-product firm maintains a single research lab) and R&D outputs are often unknowable ex ante.
Collaboration networks and R&D spillovers. Network formation affects marginal costs because it allows access to other firms' R&D outputs. Like the existing literature on R&D networks (e.g. Goyal and Moraga-González, 2001), we assume that the formation of R&D links between firms is costless.
In a triopoly, four distinct R&D networks are possible -see Figure 1 .
The complete network The star network
The empty network
The partial network 10 This is consistent with R&D reducing the capital/labour ratio within a Leontief production function. Note that, depending on the system of wage-setting, the wage   may be firm-specific or common. In the empty network, there are no links between firms, and each firm's marginal cost is given by
The other three networks all contain links between firms. These collaboration links give firms access to the R&D outputs of their partner/s. In the partial network, a single link exists -and we assume, w.l.o.g., that this is between firms 1 and 2, the insiders. Marginal costs are thus given by Insiders:
where   ∈ {1 2} and  6 =  Outsider:
as in the empty network
Thus, each insider enjoys access to a proportion  ∈ [0 1] of its partner's R&D output.
In the star network, there are two links, creating a hub-and-spoke pattern. W.l.o.g., we
assume that firm 1 is the hub. Firms 2 and 3, the spokes, receive direct access to firm 1's R&D output, and they can also access -indirectly, via the hub -the R&D output of the other spoke.
To capture this relatively large distance within the network between the spokes, we assume that each spoke only receives a proportion  2 of the other spoke's R&D output. Thus, Hub:
Spokes:
where   ∈ {2 3} and  6 =  Finally, in the complete network, each firm maintains two links, and marginal costs are given by
, where    ∈ {1 2 3} and  6 =  6 =  Wage-setting. Wages are set in stage three, and we consider three distinct wage-setting regimes (following Haucap and Wey, 2004) . We assume that wages are set unilaterally by the respective labour union/s -the "monopoly union" model -and we normalise the reservation wage to 0. 11
Under decentralisation, there are three independent firm-specific unions, each of which sets   to maximise its firm's wage bill,     where  ∈ {1 2 3}. (Recall that employment = output by assumption.) Alternatively, there might be a single, industry-wide union, and the issue then is whether that single union sets a uniform wage for all workers in the industry, which we term centralisation, or firm-specific wages, which we term coordination. Thus, under centralised wagesetting, the union sets  to maximise  P 3 1   where  ∈ {1 2 3}; whereas under coordinated wage-setting, it sets   to maximise
A key assumption is that workers are not mobile across unions -thus, wage differences across firms can be sustained. (For example, workers may have undertaken firm-specific training, which increases their switching costs and creates "lock-in".) In terms of the degree of "centralisation" in wage-setting, we see the decentralisation and centralisation regimes as extremes, with coordinated wage-setting as an intermediate case.
We take the wage-setting regime as exogenous. Labour market institutions are typically economy-wide and often determined by national legislation, so it is reasonable to assume that the wage-setting regime is exogenous to any particular industry.
Equilibrium concepts
We solve the game backwards from stage 4 (Cournot competition) to stage 2 (R&D investments)
inclusive. Thus, network-formation decisions in stage 1 take into account the subsequent effects on R&D levels, wages and outputs -and equilibrium solutions for these variables are given in the Appendix.
We use two well-established equilibrium concepts for network formation in stage 1. Following
Jackson and Wolinsky (1996), we say that a network is pairwise stable if no firm benefits from unilaterally severing one of its R&D links and no two firms benefit from adding a new link between them. If we think of the four possible network architectures as arranged in the sequence {empty partial star complete}, then pairwise stability refers to a deviation to a neighbouring architecture.
To derive our main results, we use the strong stability notion of Jackson and van den
Nouweland (2005), which is a refinement of pairwise stability. 12 A strongly stable network is one that is stable against changes in R&D links by any coalition of firms within the industry -because at least one firm in the coalition would lose from the proposed group deviation.
Thus, in terms of the four-network sequence above, strong stability considers deviations to any alternative architecture.
It is important to note that both of these network equilibrium concepts rule out side payments between firms. If such side payments were permitted and binding contracts could be written, then we would expect the R&D network to emerge that maximises industry profits. In contrast, industry profits provide no guide to either pairwise or strong stability. 13 Notation for equilibrium profits. We adopt the following notation for equilibrium profits, which exploits the symmetries across firms:
Π  denotes a firm's profits in the empty network;
Π  denotes the profits of an insider (linked) firm in the partial network;
Π  denotes the profits of outsider (isolated) firm in the partial network;
Π  denotes the hub firm's profits in the star network; 12 Thus, only pairwise stable networks can be strongly stable. 13 For all three wage-setting regimes, the complete network maximises industry profits for almost all . However, the complete network is not always strongly stable, and under centralisation the alternative, partial network is the unique strongly stable network.
Π  denotes a spoke firm's profits in the star network; and Π  denotes a firm's profits in the complete network.
3 Equilibrium network structures
Decentralised wage-setting
The institutional regime of decentralised negotiations is prevalent in Canada, Japan, Korea, and the United States, which traditionally engaged in negotiations at the firm-level. More recently, the United Kingdom, New Zealand and some eastern European countries have also adopted the same form of wage negotiations.
Decentralisation is formally identical to the unions-set-wages case in MSMV, so we merely report the key results briefly.
Proposition 1 (MSMV, 2008):
Under decentralised wage-setting, the complete network is the unique pairwise and strongly stable network for all levels of within-network R&D spillovers.
For all levels of spillovers within a network , the following ranking of firms' profits holds: 14
Note that the first two terms are separated by a comma, not . Specifically, Π   Π  if and only if   012; otherwise, Π   Π  . This ranking implies that, in the empty, partial and star networks, two unconnected firms would both gain by forming a new link between themselves, 15 so the complete network is the only pairwise stable network and thus the only candidate for strong stability. Turning to strong stability, from the complete network, the three firms will not 14 Plots of equilibrium firm-level profits are available from the authors on request. 15 Proof: Π   Π  so the empty network is not pairwise stable; Π   Π  and Π   Π  so the partial network is not pairwise stable; and Π   Π  so the star network is not pairwise stable. Of course, Π   Π  also implies that the complete network is pairwise stable -no firm will unilaterally delete a link to become a spoke. deviate to the empty network (because Π   Π  ), and pairwise stability rules out a deviation to the star. Finally, no two firms will form a coalition to deviate from the complete to the partial network -by severing their links with the third firm -because Π   Π  . Therefore, the complete network is strongly stable.
Centralised wage-setting
This characterisation of wage setting, where an industry-wide union sets a uniform wage, is consistent with existing practices in Norway, Finland, Ireland and Portugal (see OECD, 2004 ).
For all levels of spillovers within an R&D network , the firms' profits are ranked as follows:
By comparing (2) and (1), note that Π   Π  under centralisation but not under decentralisation -this is the key condition that undermines the strong stability of the complete network under centralisation. Intuitively, Π   Π  arises under centralisation because the uniform wage mitigates the hold-up problem faced by the insiders in the partial network, who enjoy substantially greater access to R&D results than the isolated, outsider firm. However, under decentralisation, the hold-up problem leads the linked firms in the partial network to pay substantially higher wages than the isolated firm -hence Π   Π  .
Part (ii) of Proposition 2 is proved as follows. Pairwise stability requires Π   Π  , which holds and ensures that neither of the insiders will unilaterally break their link (this also, of course, implies that the empty network is not pairwise stable -part (iii) of Proposition 2).
However, because Π   Π  (a spoke in the star network earns more than the outsider in the partial network), pairwise stability also requires Π   Π  to rule out a deviation to the star network -i.e. that the insiders in the partial network earn more than the hub in the star.
In turn, Π   Π  holds for    * ≈ 04895 -i.e. sufficiently large within-network R&D spillovers. It seems reasonable to suppose that this requirement will be satisfied because the degree of spillovers within a network is, to a significant extent, a choice variable for the firms involved.
The intuition behind the need for sufficiently large spillovers to ensure Π   Π  runs as follows. Both the insiders in the partial network and the hub in the star benefit from a rise in spillovers. However, the partial-network insiders benefit by more because they are competing against an unconnected, outsider firm -whereas all firms, hub and spokes, in the star network benefit from greater R&D spillovers.
Finally, if the partial network is pairwise stable (which rules out deviations to empty/star), then it follows immediately that it is also strongly stable because Π   Π  -that is, the insiders in the partial network will not agree to a coalitional deviation to the complete network.
Centralisation versus Decentralisation
The comparison of centralised and decentralised wage-setting (Propositions 1 and 2) gives us a key result:
Proposition 3: If within-network R&D spillovers are sufficiently large, then a transition from centralised to decentralised wage-setting causes the complete network to displace the partial network as the unique strongly stable network.
This result is consistent with the stylised facts, surveyed in the Introduction, that the growth of R&D networks between firms has accompanied labour market deregulation. Moreover, the qualification in Proposition 3 on the size of spillovers is needed only to pin down the strongly stable network under centralised wage-setting (as the partial network). As Proposition 1 makes clear, we can be confident -even for small within-network R&D spillovers,  -that the introduction of decentralised wage-setting will provoke the formation of the complete network.
Thus, labour labour deregulation that results in decentralised wage-setting would never be expected to lead to a fall in the number of R&D links between firms.
For any wage-setting regime, the ranking of firm profits is clearly central to the determination of the equilibrium R&D network/s. Common to the profit rankings for both decentralisation and centralisation, (1) and (2), is
The variable is the position in the ranking of Π  .
The "common" ranking in (3) above makes intuitive sense. The outsider in the partial network performs worse than any of the firms in the empty network (Π   Π  ) because it is in a weaker position vis-à-vis its competitors (who are linked), whereas all firms in the empty network are identical. 17 Likewise, compared to a firm in the complete network, the hub firm in the star performs better (Π   Π  ) and the spoke firms worse (Π   Π  ) -that is, deleting a link from the complete network benefits the hub-designate but harms the spokes-designate.
In relative terms, Π  is higher under centralisation than under decentralisation. As explained above, this can be understood by considering the hold-up problem faced by the insider firms in the partial network. Under centralisation, there is one industry-wide union and a uniform wage -therefore, there is relatively little hold-up of the linked firms in the partial network.
In contrast, under decentralisation, there are three independent unions, so the insiders in the partial network face substantially higher wages than the outsider.
Coordinated wage-setting
Centralisation and decentralisation may be regarded as the two extreme forms of wage-setting regime in the presence of trade unions. Therefore, partly as a robustness check, we consider an intermediate regime in this section -"coordination". 18 Under coordination, a single industrywide union sets firm-specific wages.
We believe that coordinated wage-setting is a fair representation of some recent reforming trends in employment relations in continental Europe. For example, in Germany, the Netherlands and, to some extent, in Spain, wage negotiations include "opening" clauses, which, under An alternative interpretation of coordinated wage-setting would be that firm-specific unions 17 Adding a single link to the empty network benefits the insiders-designate but harms the outsider-designate. 18 Our terminology again follows Haucap and Wey (2004) .
act collusively with a view to coordinating their wage claims.
For all levels of spillovers within an R&D network , the firms' profits under coordination are ranked as follows:
Note that the ranking of Π  and Π  depends on , and it will be important for our results below. Specifically, Π   Π  if and only if    * * ≈ 07686.
Proposition 4:
Under co-ordinated wage-setting, the complete network is the unique pairwise stable network for all levels of within-network R&D spillovers, and it is strongly stable if spillovers are sufficiently small.
We first prove that the complete network is the unique pairwise stable network (and thus the only candidate for strong stability). To rule out pairwise stability for the other networks, observe that Π   Π  (so the empty network is not pairwise stable); Π   Π  and Π   Π  (so the partial network is not pairwise stable); and Π   Π  (so the star network is not pairwise stable). The final inequality also establishes, of course, that the complete network is pairwise stable.
However, the complete network is strongly stable only if  is sufficiently small. There will be no coalitional deviation to either the star network (from the pairwise stability analysis above) or to the empty network (because Π   Π  ). A coalitional deviation to the partial network, where two of the firms in the complete network sever their links with the third, can be ruled out as long as Π   Π  -that is, as long as  is sufficiently small (technically,    * * ).
Putting the last result slightly differently, a coordinated wage-setting system destabilises the complete network when spillovers are large -in much the same way, qualitatively, as occurs under centralisation. In this case, a coalition of two firms has incentives to sever its links with the third firm in order to form the partial network. This is so because when the spillover level is high enough, the competitive advantage of the linked firms in the partial network is large enough to outweigh the negative business stealing effect that stems from the lower wage costs of the isolated firm. 19 Hence, the complete network emerges as the unique strongly stable network only when spillovers are not too large.
Therefore, to understand network formation under coordination, we might say that the same intuition applies as under decentralisation when spillovers are sufficiently small: that is, the complete network is strongly stable because Π   Π  . However, the same intuition applies as under centralisation when spillovers are sufficiently large: that is, the strong stability of the complete network is undermined by Π   Π  , which provokes a group deviation to the partial network. 20 Within the "common" ranking of profits (3), the relative position of Π  under coordination is a halfway house -lower than under centralisation but higher than under decentralisation. 21 This can be explained as follows. In the partial network under coordination, the linked (insider)
firms face higher wages than the outsider, but the wage differential between the insiders and the outsider is lower than under decentralised wage-setting. Indeed, using the equilibrium expressions in Mauleon et al. and Appendix, the insider/outsider wage gap under decentralised and coordinated wage-setting is given by
19 Recall that, in contrast to centralisation, the wage is not uniform under coordination. Thus, coordination combines elements of the other two wage-setting systems: a centralised union but firm-specific wages. 20 Note, however, that the partial network is not pairwise stable (and so cannot be strongly stable) under coordination because, unlike under centralisation with large , Π   Π  and Π   Π  so there will be a pairwise deviation to the star network. 21 Under coordination, the level of Π  relative to the other profit terms is either the same as under decentralisation or higher. Likewise, under centralisation, the relative level of Π  is either the same as under coordination or higher.
where the superscripts  and  denote decentralisation and coordination, respectively, and  = 1 2. It is straightforward to show that
We note that this difference in the insider/outsider wage gap arises because, under coordination, the single industry-wide union internalises the negative externality created by a wage cut at a single firm -in a way that does not occur when three independent unions compete under decentralisation.
Compared to coordination, the larger insider/outsider wage gap within the partial network under decentralisation reduces the cost advantage of the linked firms relative to the isolated one, which works towards destabilising the partial network. Consequently, as we saw in Proposition 1, the complete network is the unique strongly stable network when wages are set at the firmlevel by competing trade unions.
Discussion
In this section we investigate some additional aspects of our results.
Aggregate profits. We first examine the relation between unionisation structure and total profits. Setting aside extremely high values of within-network R&D spillovers, we can show that total profits are increasing in the number of R&D links within the industry for all three unionisation structures -that is, industry profits are maximised in the complete network. 22 Therefore, recalling our equilibrium results on strongly stable networks, it is clear that individual and collective incentives for R&D collaboration do not always coincide. Such misalignment is particularly severe under centralised wage-setting: the partial network is the unique strongly stable network, whereas it does not maximise industry profits. However, the conflict between individual and collective incentives is totally eliminated under a decentralised wage-setting system. Thus, in the pursuit of their private interests, industry participants are more likely to achieve an outcome that is collectively beneficial the less centralised the wage-setting system is. 22 Relevant plots available on request.
Aggregate effective R&D investment and employment. Our analysis complements Haucap and Wey (2004) , who investigate how the three different wage-setting regimes we have used affect firms' investment incentives and industry employment when two firms race to be the first to discover a new labour-saving innovation. They find -in line with us -that a decentralised system leads to the highest employment level. However, they also demonstrate that a centralised system creates the largest investment incentives. In contrast, we find that,
for sufficiently large within-network R&D spillovers, a decentralised union structure performs best in terms of equilibrium effective R&D investment. 23 Finally, in line with us, Haucap and Wey view coordination as the worst solution -in terms of both R&D and employment performance. 24 This is troubling because coordinated wage-setting arguably characterises recent trends in continental Europe towards greater wage flexibility.
Aggregate union utility. We now examine the relation between unionisation structure and total union utility. Under centralisation and coordination, we find that initially the complete, then the star, and eventually the partial network maximise total union utility; whereas, under decentralisation, only the complete and the star network are utility-maximising architectures. 25 As it turns out, union and firm incentives for R&D collaboration do not coincide.
Importantly, however, the likelihood of a conflict becomes smaller as the degree of wage-setting centralisation decreases. 26 It might also be wondered which unionisation leads to highest total union utility. Our analysis here -in line with the existing literature (e.g. Davidson, 1988 ) -reveals that a centralised system creates higher union utility than a decentralised one. 27 This is because a centralised union structure internalises the product-market effects of each firm's wage on the competitive position of its rivals. Interestingly, we also find that total union utility is higher under centralisation than under coordination -thus, centralisation is best in terms of union utility. One might suspect that an industry-wide union will always prefer coordination to centralisationsince coordination gives extra 'degrees of freedom' to the union. However, this is not the case in the present setting: the effects of unionisation structure on union utility are influenced by the R&D network and, as we have shown, centralisation and coordination induce the formation of different network structures.
Asymmetric labour productivities. As a caveat to the conclusions drawn above, we note that our analysis has assumed that labour productivity is equal across firms. We now suffer a lot in product-market competition. 29 As a result, an asymmetric industry structure, such as a partial network, would emerge in equilibrium. If, however, local rent-sharing is substantial, then the attractiveness of the partial network may depend on the initial productivity spread between firms. That is, if the initial productivity differences are relatively small, the cost advantage of linked firms may be eroded by wage increases, thereby providing an incentive for denser networks.
Relation of our results to the wider literature. Our findings imply that denser R&D networks are more likely to emerge as the degree of wage-setting centralisation decreases. This implied relationship between R&D network formation and labour market deregulation is consistent with the stylised facts. However, other explanations have been advanced for understanding the growth in the number of R&D networks relative to more traditional forms of inter-firm cooperation. First, non-equity forms of partnerships, such as R&D networks, offer participating firms increased flexibility to respond quickly to changing market conditions because they are typically easier to establish, administer and dissolve than equity-based agreements, such as
RJVs (Narula and Hagedoorn, 1999) . Such flexibility is particularly important in the modern business world as a result of short technology cycles and high costs of doing R&D. Second, the legal framework across counties has undergone a process of harmonisation, which makes easier the enforcement of the contracts that underlie the organisation of R&D alliances. It is a task for future empirical work to attempt to discriminate between these various accounts of the increasing prevalence of R&D networks. A core idea is that a decentralised system of wage-setting, where labour is supplied to the industry through competing trade unions, creates a "business stealing effect": linked firms, who enjoy superior access to R&D results, pay substantially higher wages than isolated firms, and this wage premium harms the networked firms in product-market competition. By bringing outsiders into the R&D network, which leads to the equalisation of wage rates across firms, the linked firms are able to reduce the business stealing effect. Hence, the complete R&D network arises under decentralised wage-setting. In contrast, there is no business stealing effect under centralised wage-setting, where a single industy-wide union sets a uniform wage for all firms.
In consequence, we show that the equilibrium network has an insider/outsider pattern under centralisation. Finally, under coordination, we show that the complete R&D network arises in equilibrium, but only if within-network R&D spillovers are sufficiently small.
Therefore, labour market deregulation towards more decentralised wage-setting structures is expected to induce the formation of denser R&D networks, and it can be seen as an alternative explanation for the empirical fact that R&D collaborations have become significantly more prevalent over recent years. Of course, a task for future work is a more thorough empirical testing of this hypothesis in the context of other potential explanations.
Our model has several special features, which further work might seek to relax. In particular,
we have assumed a three-firm industry. As Goyal and Moraga-González (2001) note, the analysis of networks with an arbitrary number of firms is currently beyond reach. However, we can draw some conjectures about what one might expect to happen in that situation. We believe that the mechanisms that underlie our main result would still survive: in essence, a decrease in the degree of wage-setting centralisation widens wage differentials and favours firms with a small number of links relative to firms with a larger number of links, who will become more exposed to the hold-up problem. Thus, the progressive decentralisation of wage-setting is expected to induce a larger number of R&D collaborations.
A more thorough welfare analysis -bringing together consumer, producer and worker welfare into aggregate social welfare -is also a topic for future work.
7 Appendix: Equilibrium outcomes
The solutions for decentralised wage-setting come from MSMV (2008). In all cases, profit is
We use the superscripts  (for uniform wage) and  to denote centralisation and coordination respectively. We note that the linearity of our model ensures that second-order conditions are always satisfied. For the complete, star and partial networks, the equilibrium values are nonnegative for all values of   ∈ (0 1].
Complete network
Equilibrium quantities in stage 4 are
where the subscripts  6 =  6 =  denote firms.
In stage 2, firms invest in R&D to maximise their profits,
Maximising profits and imposing symmetry   =   =   , we obtain the equilibrium firm-level R&D investments
Substitutions yield the rest of the equilibrium solutions for the firm-level variables
Star network
Let firm 1 be the hub and firms 2 and 3 be the spokes.
Under centralisation, the equilibrium values are
Under coordination, the equilibrium values are 
Partial network
Let firms 1 and 2 be the linked insiders in the partial network and firm 3 be the isolated outsider. denotes total union utility in the partial network under centralised () wage-setting; and   () denotes total union utility in the complete network under coordinated () wage-setting.
